only how repulsion by Netrin and its receptors operates fied, and used to isolate full-length cDNAs from embryonic and larval-pupal cDNA libraries. These cDNAs enin vivo, but also how this system might interact with the many other attractive and repulsive forces known to guide code a 1072 amino acid transmembrane protein most closely related in structure and sequence to C. elegans axons in the developing Drosophila nervous system. One of the initial disadvantages was that a Drosophila UNC5 UNC-5 and its mammalian homologs (Figure 1 ). Examination of the Drosophila euchromatic genome sequence family receptor had not yet been characterized.
Two Drosophila Netrin genes, NetA and NetB, are (Adams et al., 2000) reveals that this is likely to be the only member of the unc-5 family encoded in the Droexpressed by midline cells in the CNS and by specific muscles in the periphery (Harris et al., 1996; Mitchell et sophila genome. The predicted Drosophila Unc5 protein has the same al., 1996). Acting as attractants through the DCC family receptor Frazzled (Fra), NetA and NetB help guide comdomain organization as its worm and mammalian orthologs, to which it has 24%-29% amino acid identity missural axons toward the CNS midline and motor axons toward their specific muscle targets  over its entire length ( Figures 1B and 1C Figure 1C ). Curiously, alsophila Unc5 is expressed on a subset of motor axons that exit the CNS without crossing the midline, and avoid though the TSP domains of Drosophila Unc5 also show the highest level of sequence similarity to other UNC5s, Netrin-expressing muscles in the periphery. Genetic analysis suggests that although Unc5 mediates a potent they are also unique in that they contain two small insertions: a 49 amino acid insertion within the second TSP repulsive response to Netrins in these motor axons, this is likely to be only one of many guidance forces that domain and a 17 amino acid insertion between the two TSP domains ( Figures 1B and 1C ). The significance of control their trajectories.
Ectopic expression of Unc5 can also elicit potent rethese insertions is unknown, but it is interesting to note that the two Drosophila Netrins also contain small inserpulsive responses to Netrin by CNS axons. Expression of Unc5 in all neurons elicits a short-range response:
tions that are not found in the Netrins of other species Mitchell et al., 1996) . commissural axons are prevented from crossing the midline, but are not repelled away from it. In contrast, expression of Unc5 in specific lateral interneurons elicits Unc5 Is Expressed on Segmental Nerve a long-range response: instead of growing toward the Motor Axons midline, these axons now grow directly away from it and We determined the expression pattern of Unc5 during out of the CNS.
Drosophila embryogenesis using in situ hybridization These short-and long-range repulsive responses to with antisense Unc5 probes (Figures 2A-2D ) and immuNetrin provided the ideal setting to examine the strucnohistochemistry using antisera against Unc5 protein tural and genetic requirements for Unc5 function. Our ( Figures 2E-2G ). Prior to gastrulation, Unc5 mRNA is examination of the structural requirements for Unc5 strongly expressed in the presumptive mesoderm. Mefunction partly confirms and extends the data obtained sodermal expression begins to fade during stages 13-in vitro using the Xenopus assay, but also reveals some 14, persisting only in the cells that form the dorsal vessel. intriguing differences. Figures 2C and 2D ). initially seemed more likely that Slit would also modulate Anti-Unc5 antisera were generated using a peptide repulsion by Netrins. Second, the DCC family receptor corresponding to the Unc5 amino terminus. Labeling Frazzled contributes to long-range repulsion by Netrins, with these antisera revealed accumulation of Unc5 probut not to short-range repulsion. The requirement for tein on motor axons that exit the CNS ipsilaterally via Frazzled in long-range repulsion is cell autonomous. We the segmental nerve root (SN; Figure 2E ). No staining propose that DCC/UNC5 receptor complexes mediate could be detected on either commissural or longitudinal Netrin repulsion at long range, while UNC5 acts either axons within the CNS, nor on motor axons that exit via alone or with another coreceptor at short range. the intersegmental nerve (ISN). In the periphery, Unc5 protein could be detected on all branches of the SN ( Figure 2F ). Exit and peripheral glia along both the SN Results and ISN also express high levels of Unc5 protein ( Figure  2F ). By staining glial cells missing mutants, which lack Identification of Drosophila Unc5 Drosophila Unc5 was initially identified by searching the these glia, we could confirm that Unc5 protein is expressed on motor axons, not just glia, of the SN, while EST database (Rubin et al., 2000) for sequences similar to C. elegans unc-5. One EST clone predicted to encode being undetectable on motor axons of the ISN and its branches ( Figure 2G ). a protein with significant homology to UNC-5 was identi- There is thus a striking complementarity between the in which both the NetA and NetB genes are deleted. For this, we used both the general motor axon marker MAb expression patterns of Unc5 and the Netrins ( Figure 2H These results confirm the conclusions from the Xenopus in vitro studies (Hong et al., 1999) that the DB domain This "commissureless" phenotype is much stronger than the partial loss or thinning of commissures obis required for Unc5 repulsion, and extend them by showing a requirement also for the ZU5 domain and served in either Netrin or frazzled mutant embryos, and so cannot simply be explained by the ability of Unc5 each of the four extracellular domains. However, our finding of a strict requirement for both the death domain to sequester Netrin or Frazzled proteins into inactive complexes. Unc5 also appears to be far more potent in ( Figure 4D ) and the extracellular domain ( Figure 4E ) of Drosophila Unc5 contrasts with the dispensibility of the preventing midline crossing than the Robo receptors for the midline repellent Slit. We tested nine independent corresponding domains of UNC5H2 in the Xenopus assays (Hong et al., 1999). Deletions were made at analoinsertions of the UAS-Unc5 transgene, and all of them gave a completely penetrant commissureless phenotype gous positions of the UNC5 proteins in both sets of experiments. It therefore seems unlikely, but cannot be with just single copies of both transgenes. In contrast, robo gain-of-function phenotypes generally require at excluded, that the failure of these mutant Drosophila Unc5 proteins to mediate repulsion is just a trivial conseleast two copies of either or both of the UAS-robo and Unc5 in Drosophila may occur through a mechanism distinct from the repulsion of spinal axons by UNC5H2 The strong commissureless phenotype of these panneural Unc5 embryos provided the opportunity to examine in the Xenopus assays. the structural requirements for Unc5-mediated repulsion. To this end, we generated a series of UAS constructs Short-Range Repulsion by Unc5 Requires Netrin but Not frazzled Function encoding mutant Unc5 proteins, each lacking one of the conserved extracellular or intracellular domains, as well Growth cone repulsion mediated by ectopic UNC5 expression, both in C. elegans and in the Xenopus in vitro as a construct encoding an N-terminal myristoylated form of the Unc5 cytoplasmic domain ( Figure 4C ). None assays, has been shown to require not only Netrin function but also that of DCC family receptors (Hamelin et al., of these mutant Unc5 transgenes, when expressed using the elav-GAL4 driver, resulted in even a weak com-1993; Colavita and Culotti, 1998; Hong et al., 1999). We therefore anticipated that both Netrin and frazzled funcmissureless phenotype (Figures 4C-4E) . At least two different insertions of each transgene were tested. Extion would be required to prevent midline crossing in elav-GAL4/UAS-Unc5 embryos. To test this, we generpression and axonal localization of the mutant proteins were confirmed by Western blotting and in situ detection ated embryos carrying both transgenes in the background of either the Netrin deficiency Df(1)NP5 or the using antibodies against either an N-terminal HA epitope We therefore prepared UAS transgenes encoding chirange, preventing commissural axons from crossing the midline. In a final set of experiments, we wished to exmeric Fra-Unc5 and Unc5-Fra receptors, in which the cytoplasmic domains of the two Netrin receptors had tend these observations by asking how an ipsilateral interneuron-one that does not normally cross the midbeen swapped immediately proximal to their transmembrane domains ( Figure 6A ). To test the prediction that line-would respond to ectopic expression of Unc5. For this, we used the Ap-GAL4 driver. This line expresses the cytoplasmic domain of Unc5 specifies repulsion, we examined the CNS of embryos in which one or other GAL4 in three neurons in each hemisegment, called the Ap neurons. Their cell bodies are positioned laterally of these chimeras was expressed using the elav-GAL4 driver. As expected, pan-neural expression of the Frawithin the nerve cord, several cell diameters from the midline ( Figure 7A ). One is located dorsally, the other Unc5 chimera results in a commissureless phenotype just as strong as that observed with the full-length Unc5 two ventrally. All three are intersegmental interneurons. Their axons first grow toward the midline, but they do receptor ( Figure 6B ). Ectopic expression of Unc5-Fra has no obvious effect ( Figure 6C ), as previously found not cross it, instead turning anteriorly to continue along the medial edge of the ipsilateral longitudinal tract. In to be the case also for full-length Fra (Kolodziej et al.,  1996) . the experiments reported here, we focus on the behavior of the dorsal Ap neuron. Does the Unc5-Fra chimera act as an attractive Netrin receptor? If so, pan-neural expression of this receptor, Expression of Unc5 in this neuron has remarkable consequences. Rather than growing toward the midline, like that of Fra itself (Kolodziej et al., 1996), should at least partially rescue the frazzled mutant phenotype.
its axon now grows laterally away from the midline to exit the CNS and continue on a motor trajectory into the This is indeed the case. Each of two UAS-Unc5-fra transgene insertions tested almost completely rescued the periphery ( Figure 7B ). This phenotype is highly penetrant: 91% of dorsal Ap axons examined exited the CNS frazzled null mutant ( Figures 6D-6F, Table 1 ). UASUnc5-fra rescues both the commissural and longitudinal in these embryos ( Figure 7F ). Thus, Unc5 can repel axons away from the midline at long range, forcing them axon defects of frazzled mutants just as efficiently as does UAS-fra. We therefore conclude that Unc5-Fra is 180Њ off course. All of the mutant Unc5 proteins tested in the midline crossing assay ( Figure 4C ) were also found an attractive Netrin receptor, formally completing the demonstration that Netrin receptors are modular: the to be defective in this assay. growth cone response (attraction or repulsion) is deterThis long-range repulsion by Unc5 requires Netrin mined by the cytoplasmic domain (DCC or UNC5, refunction, as expected ( Figures 7C and 7F) . However, spectively), irrespective of the Netrin binding extracelluunlike the short-range repulsion of commissural axons lar domain to which it is attached. at the midline, long-range repulsion of Ap axons is partially dependent on frazzled function ( Figure 7D ). In frazzled mutant embryos, only 59% of Ap axons exited the Long-Range Repulsion: Driving Interneurons CNS upon ectopic Unc5 expression ( Figure 7F ). To deterout of the CNS mine whether this reflects an autonomous requirement for Our experiments using the elav-GAL4 driver show that Unc5 is a potent mediator of Netrin repulsion at short frazzled, we restored its function specifically in the Ap Embryos of the indicated genotype were stained with MAb BP102, dissected, and examined for defects in the commissural or longitudinal axon pathways. Commissures were assigned to one of three bins: wild-type or nearly wild-type, thinner than normal, or completely or nearly absent. The number of segments scored for commissural defects is indicated. For longitudinal breaks, the number given is the percentage of hemisegments, not segments, in which the longitudinal tract was discontinuous. T1 and T2 are different insertions of the UAS-Unc5-fra transgene.
to be just one of multiple guidance cues that control As predicted by this model, we found that a Fra-Unc5 chimera acts as a repulsive receptor and Unc5-Fra as an these pathways.
One obvious candidate for a second repellent that attractive Netrin receptor. Both chimeras proved to be as potent as the wild-type proteins in mediating these drives motor axons away from the midline is Slit. However, even in embryos lacking both slit and Netrin function, responses. These data thus provide a clear in vivo demonstration of the modular design of the two Netrin receptors. many motor axons still exit the CNS (our unpublished observations). At least one additional midline repellent for Drosophila motor axons evidently remains to be dis- 
